In the human killer cell immunoglobulin-like receptors, KIR2DL2, and KIR2DL3, a triad of amino acids in the D1 domain interact to stabilize protein structure. Substitution of any one of these residues caused significant loss of cell surface expression. Although KIR2DS4 and KIR2DS5, two homologous receptors, differ for this triad, flow cytometry analysis of NK and T cell lines transfected with stimulatory KIR genes KIR2DS4 (allele *001) and KIR2DS5 (allele *002) demonstrated cell surface expression. For KIR2DS5, restoration of the triad sequence increased surface expression. Further studies of the receptor encoded by KIR2DS5*002 showed both mature and immature protein isoforms upon gel electrophoresis coupled with surface biotinylation or deglycosylation. In contrast, the KIR2DS5*001 allelic product was not expressed on the cell surface of either NK or T cells and exhibited only a single immature isoform upon gel electrophoresis. Site-directed mutagenesis demonstrated that absence of the KIR2DS5*001-encoded protein at the cell surface was imparted primarily by two amino acid polymorphisms in the D2 domain. Analysis using molecular dynamics simulations suggested that the substitution of a proline for a serine at residue 111 or the substitution of a serine for a phenylalanine at residue 164 caused destabilization of the domain structure and intracellular retention. A third polymorphism at residue 174 impacted the level of KIR2DS5 surface expression. This is the first description at a stimulatory KIR locus of the impact of specific amino acid variations on receptor maturation and the level of surface expression.
Introduction
Bridging the innate and adaptive immune systems, NK cells express a number of cell surface receptors which either inhibit or stimulate their cytotoxicity (Lanier 2005) . NK cells are prevented from killing healthy cells by a subset of killer cell immunoglobulin-like receptors (KIR) that recognize specific class I HLA ligands. For example, inhibitory receptors KIR2DL2 and KIR2DL3 recognize a subset of HLA-C molecules and inhibit killing of cells expressing those ligands (Colonna et al. 1993) . Other receptors in the KIR family presumably stimulate killing when their ligands are present. Some of these stimulatory KIR may recognize HLA-peptide complexes with low affinity, although much is to be learned about their specificity (Katz et al. 2001 (Katz et al. , 2004 Saulquin et al. 2003; Stewart et al. 2005; Winter et al. 1998) . The balance of inhibitory and activating signals received by the NK cell via KIR and its other receptors determines the fate of nearby cellular targets.
The 15 highly homologous receptors in the KIR family are type I transmembrane glycoproteins with either two (2D) or three (3D) extracellular immunoglobulin-like domains (D0, D1, D2; Boyington et al. 2000; Fan et al. 2001; Lanier 2005; Saulquin et al. 2003) . Inhibitory or stimulatory properties are controlled by the presence of ITIM in their intracellular segments (inhibitory KIR possessing long (L) cytoplasmic tails) or the association with an adaptor protein (e.g., DAP12) carrying ITAM (stimulatory KIR with short (S) cytoplasmic tails).
From two (KIR2DS3) to over 30 (KIR3DL3) allelic products are encoded by each KIR locus (Robinson et al. 2005) . Available KIR-HLA crystal structures (Boyington et al. 2000; Fan et al. 2001) do not readily suggest the functional importance of allelic diversity in ligand recognition but allelic variation in KIR3DL1 has been shown to modulate the inhibitory response of NK cells to various HLA ligands (Yawata et al. 2006) . It is also clear that the level of cell surface expression of the receptors is altered by some alleles. Several loci (e.g., KIR2DL4, KIR2DS4) include alleles that encode alternatively spliced or truncated receptors that may be secreted rather than cell-membrane-bound (Goodridge et al. 2007; Maxwell et al. 2002) . Other alleles (e.g., KIR2DL2*004, KIR3DL1*004) encode misfolded receptors which remain within the cell (Pando et al. 2003; VandenBussche et al. 2006) . Still other alleles control high (e.g. 3DL1*001, 2DL5B*003) vs. low to absent (e.g. 3DL1*005; 2DL5B*002) cell surface expression (Vilches et al. 2000a; Yawata et al. 2006) .
In addition to allelic diversity, the KIR gene complex on chromosome 19 includes variable numbers of the 15 inhibitory and stimulatory genes (Parham 2005a) . All haplotypes appear to carry several inhibitory genes, including ubiquitous framework loci, KIR3DL3, KIR3DL2, and KIR2DL4, but the number of stimulatory genes can vary from one to several. Furthermore, in haplotypes designated as group A, alleles encoding a secreted product of the sole stimulatory gene, KIR2DS4, define haplotypes encoding no membrane-bound short-cytoplasmic-tailed KIR (Hsu et al. 2002; Middleton et al. 2007a ). These differences can impact the activity and specificity of NK cells and provide one mechanism for differences in human immune responsiveness (Khakoo and Carrington 2006; Parham 2005b) .
Previously, we reported that a D1 domain polymorphism encoded by KIR2DL2*004 results in the receptor product being detectable intracellularly but not on the cell surface (VandenBussche et al. 2006 ). An arginine/threonine interchange at residue 41 was shown to impact surface expression. R41 in the expressed receptor interacts with residues D47 and Y77 to maintain beta strand contacts critical to structural integrity of the receptor. This interaction was critical to both KIR2DL2 and its allelic partner, KIR2DL3. Site-directed mutation of D47 to L47 to eliminate the interaction with R41 significantly reduced surface expression of the KIR2DL3*001-encoded protein.
D47 is conserved among all D1-D2 (type 1) KIR receptors except for receptors encoded by KIR2DS4 and KIR2DS5. All KIR2DS4 alleles encode a receptor with N47 in place of D47; all KIR2DS5 alleles encode H47 at this position. Other key residues, R41 and Y77, are retained in both stimulatory receptors. We therefore hypothesized that the polymorphism at residue 47 may disrupt the surface expression of the two stimulatory receptors in the same fashion as the receptor encoded by KIR2DL2*004. We found that the level of KIR2DS5 surface expression was impacted by residue 47 but that variation at several residues in the D2 domain of KIR2DS5 ultimately had a more profound effect.
Materials and methods
DNA constructs These studies have been reviewed and approved by the Georgetown University Institutional Review Board. All expression vectors were created from pEF-DEST51 (Invitrogen, Carlsbad, CA) by Gateway Technology (Invitrogen) using the pENTR/D-TOPO (Invitrogen) entry vector. KIR2DS1*002 and KIR2DS4*001 cDNA were amplified from a normal human peripheral blood cDNA pool obtained from Biochain Institute, Inc. (Hayward, CA). KIR2DS5*001 cDNA was obtained from Origene Technologies, Inc. (Rockville, MD). To create Cterminally V5-tagged KIR2DS4 and KIR2DS5 constructs, the appropriate cDNA was amplified with a glycine codon replacing the stop codon using the following primers: 2DS4-ATG-F (5′-CACCATGTCGCTCATGGTCATCAT-3′), 2DS5-ATG-F (5′-CACCATGTTGCTCATGGTCAT CAG-3′) with reverse primer 2DS4/5-R (5′-TCCTG CGTATGACACCTCCT-3′). N-terminally HA-tagged KIR2DS4 and KIR2DS5 constructs were created by sitedirected mutagenesis which inserted nucleotides encoding YPYDVPDYA between the regions encoding for the signal peptide and the D1 domain. Wild type KIR2DS5*002 and mutants of KIR2DS4 and KIR2DS5 were created by sitedirected mutagenesis using QuikChange II (Stratagene, La Jolla, CA). All DNA constructs were prepared using the HiSpeed Plasmid Maxi Kit (QIAGEN, Valencia, CA).
Cell lines, culture, and transfection The NKL cell line was a gift of Dr. Francisco Borrego (NIAID, Rockville, MD).
The Jurkat T cell clone E6-1 was obtained from the American Type Culture Collection (Manassas, VA). All cells were cultured in RPMI 1640 supplemented with 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, and 10% FBS. Cultures of NKL cells were supplemented with rIL-2 (30 U/mL). NKL cells (10×10 6 ) were transiently transfected in triplicate with 10 μg of the appropriate constructs. pmaxGFP (2 μg; Amaxa Inc., Gaithersburg, MD) was used as a transfection efficiency control. Transfection was performed with a Nucleofector II instrument (Amaxa Inc.) with Solution V and programs O-017 (NKL) and S-016 (Jurkat).
Immunoprecipitation and Western blotting
Approximately 18 h after transfection with constructs encoding C-terminally V5-tagged KIR, cells were washed in PBS. If indicated, surface proteins were biotinylated using NHS-LC-Biotin (Pierce Biotechnology, Inc., Rockford, IL) according to the manufacturer's protocol. Cells were lysed in 0.5% NP-40 diluted in PBS containing protease inhibitors (Protease Inhibitor Set III; EMD Biosciences, San Diego, CA). Proteins were immunoprecipitated with 2 μg V5-specific Ab (Invitrogen) bound to either Protein G Plus-Agarose (EMD Biosciences) or GammaBind Plus Sepharose (GE Healthcare Amersham Biosciences, Piscataway, NJ).
To deglycosylate KIR, 10× PNGase F denaturation buffer was added to washed cells and the cells lysed. The lysates were digested with either PGNase F (New England Biolabs, Ipswich, MA) or endoglycosidase H (Roche Diagnostics Corporation, Roche Applied Science, Indianapolis, IN) according to manufacturer's instructions. Beta actin was detected with a mAb (Sigma-Aldrich, St. Louis, MO) and served as a loading control.
All protein samples were reduced and denatured in 2× Laemmli buffer (Sigma-Aldrich, St. Louis, MO) and electrophoresed on 4-15% polyacrylamide Tris-HCl Ready gels (Bio-Rad, Hercules, CA). Separated proteins were blotted to Hybond-ECL nitrocellulose membrane (Amersham Biosciences) or iBlot gel transfer nitrocellulose (Invitrogen) and the membrane was blocked for an hour using 5% (w/v) nonfat dry milk (SACO Foods, Inc. Middleton, WI). For detection of proteins with a V5 tag including deglycosylated proteins, a 1/5,000 dilution of a V5-specific Ab (Invitrogen) was used with a 1/15,000 dilution of secondary Ab directed against the mouse H and L chains (Jackson Immunoresearch, West Grove, PA). The blot containing deglycosylated proteins was stripped using Restore Western blot buffer (Pierce, Rockford, IL) and restained with an Ab to beta actin (clone AC-15; Sigma-Aldrich) to control for the amount of sample loaded on the gel. For the detection of immunoprecipitated protein with a V5 tag, a 1/5,000 dilution of a V5-specific Ab (Invitrogen) was used with a 1/20,000 dilution of secondary Ab directed against the mouse kappa L chain (Serotec, Oxford, UK). For detection of biotinylated proteins, a 1/1,000 dilution of streptavidin-HRP (Amersham Biosciences) was used. Protein bands were detected using ECL chemiluminescent detection (Amersham Biosciences). NKL cells transfected with an empty vector served as a negative control.
Flow cytometry Approximately 18 h post-transfection, purified mouse monoclonal HA-specific Ab (SigmaAldrich, St. Louis, MO) with PE-conjugated anti-mouse IgG (Beckman Coulter, Fullerton, CA) was used for extracellular staining at 4°C. KIR2DS4 was also detected with a PE-conjugated CD158i-specific mAb: clone FES172 (Beckman Coulter, Marseille Cedex 9, France; Moretta et al. 2001) or clone 5F2 (Santa Cruz Biotechnology, Inc. Santa Cruz, CA; Katz et al. 2001) . Following extracellular staining, cells were fixed and permeabilized with Cytofix/ Cytoperm (BD Pharmingen, Franklin Lakes, NJ) in preparation for intracellular staining. After blocking with 5% (w/v) nonfat dry milk, cells were stained with FITCconjugated V5-specific Ab (Invitrogen) at room temperature. Image-iT FX (Invitrogen) was used to improve the signal-tonoise ratio. Stained cells were analyzed on a Becton Dickinson FACSort (San Jose, CA) with FCS Express 2 software (De Novo Software, Thornhill, Canada). MFI of PE was measured after gating on those cells positive for V5 staining. Statistical analysis for differences in expression as measured by the comparison of the ratio of extracellular MFI to intracellular MFI of the entire population was performed using Student's unpaired t-tests. Results were normalized to a positive control, either KIR2DS1 or the wild type KIR2DS5 encoded by allele *002. Negative controls were empty vector, vector carrying a KIR insert encoding a V5, but not an HA, tag, and transfectants expressing V5-tagged KIR2DS1 (as a control for the CD158i mAb). Each flow cytometry assay was performed in triplicate. The results described derive from two or more transfections performed on different days; representative data are shown in the figures.
Molecular modeling As the crystal structure is not available for KIR2DS4 and KIR2DS5, a homology model was constructed using the program Modeller (Fiser et al. 2000) . The input alignment for the Modeller was obtained with ClustalW (Thompson et al. 1994 ) based on the sequence of the KIR2DS2 (PDB: 1M4K; Saulquin et al. 2003) . The model was refined further by brief molecular dynamics (MD) simulations and energy minimization for 10,000 cycles with a consistent valence force field using the Discover module of Insight II (Accelrys Inc., San Diego, CA). We again compared the homology models with the KIR2DS2 structure to ensure that the residue side chains were in the proper orientations after refinement. The quality of the refined model was checked with Procheck (Laskowski et al. 1993) .
In order to see the consequences of allelic variation, various rotomers of the substituted amino acids were evaluated and optimized. MD simulations (3 ns) were performed for the molecules encoded by the two KIR2DS5 alleles with a distant-dependent dielectric constant using the Sander module of the Amber 8.0 simulation package (University of California, San Francisco, CA) with the PARM98 force-field parameter. Simulations were performed with 0.001-ps time steps, and the temperature set at 300°K. The Shake algorithm (Hanson et al. 2003) was employed to keep all bonds involving hydrogen atoms rigid. Weak coupling temperature and pressure coupling algorithms (Berendsen et al. 1984) were used to maintain constant temperature and pressure, respectively. Electrostatic interactions were calculated with the Ewald particle mesh method (Darden et al. 1993 ) with a dielectric constant at 1R ij and a non-bonded cut-off of 12 Å for the real part of electrostatic interactions and for van der Waals interactions. Simulated structures were energy-minimized using the consistent valence force field with the default partial atomic charges available in Discover version 3.0 of Insight II. The dielectric constant was set at ɛ=4 to account for the dielectric shielding found in proteins. Each minimization was carried out in two steps, first using steepest descent minimization for 200 cycles and then using conjugate gradient minimization until the average gradient fell below 0.01 kcal/mol. Minimization was performed for 10,000 iterations. Structural analyses were done using Insight II (Accelrys Inc, San Diego, CA) and Sybyl 8.0 (Tripos, Inc., St. Louis, MO) molecular modeling programs.
Phylogenic analysis An unrooted phylogenetic tree was constructed using the neighbor-joining method with PAUP version 4 (Sinauer Associates, Sunderland, MA) based on the amino acid sequence alignments of KIR2DS5 allelic products.
Results
The level of KIR2DS5 cell surface expression is impacted by residue 47 In order to determine whether the replacement of D47 with N47 or H47 disrupted KIR2DS4 or KIR2DS5 surface expression through receptor misfolding, molecular modeling was used to analyze the possible effects of this polymorphism on the D1 domains. In the KIR2DL2/2DL3 D1 domain, D47 interacts with R41 and Y77 since mutation of any one of these three residues disrupts the KIR structure and significantly decreases receptor surface expression (VandenBussche et al. 2006 ).
To examine the D1 domain of the two stimulatory receptors, models were based on the KIR2DS2 crystal structure because of its relatively high resolution compared to other available KIR structures (Saulquin et al. 2003) . The receptors modeled based on KIR2DS2 are encoded by KIR2DS4*001 (N47) and KIR2DS5*002 (H47), alleles chosen because they are frequent in individuals carrying these loci (Hou et al. 2008; Middleton et al. 2007a, b; Yawata et al. 2006) . KIR2DS4*001 also encodes the only transmembrane protein specified by that locus; the remainder of the allelic products are thought to be secreted (Maxwell et al. 2002) . When the KIR2DS4 and KIR2DS5 structures were modeled based on the KIR2DS2 crystal structure, the hydrogen bond patterns were found to be similar at the R41 site in that R41 appears to form a H-bond with N47 in KIR2DS4 (or H47 in KIR2DS5) and Y77 (data not shown).
To test KIR surface expression, receptors were expressed in NKL (NK cell lineage) and Jurkat (T cell lineage), two cell lines that lack surface expression of all KIR. Although Jurkat cells do not express the adaptor DAP12, previous studies have shown surface expression of transfected stimulatory KIR in its absence (e.g., Campbell et al. 1998 ). Thus, Jurkat provided an alternative cell type to test stimulatory KIR surface expression since the mechanism of expression appears to differ from NKL. KIR2DS1 (encoded by frequently observed allele KIR2DS1*002, Hou et al. 2008 ) was expressed as a control since it encodes a wellcharacterized DAP12-associated stimulatory KIR molecule with high amino acid sequence similarity to KIR2DS4 and KIR2DS5. By flow cytometry, mAbs specific for KIR2DS4 stained NKL transfectants expressing KIR2DS4, but not KIR2DS1 (Fig. 1a) ; detection of the C-terminal V5 tags measured total KIR protein expression. Because an Ab specific for KIR2DS5 was not available, expression was measured with KIR carrying an N-terminal HA tag and a C-terminal V5 tag. The negative control was a vector encoding KIR2DS1 without an HA tag. KIR2DS5 (*002)-expressing NK cells were surface-stained with HA-specific Ab as were the HA-tagged KIR2DS1 expressing cells (Fig. 1b) . Jurkat cells also showed expression of both KIR2DS4 (data not shown) and KIR2DS5 (described below). These data suggest that both KIR2DS4 and KIR2DS5 (*002) are expressed at the cell surface.
In order to further evaluate our hypothesis that an alteration at residue 47 may impact receptor expression on the cell surface, site-directed mutagenesis was used to alter the N47 found in KIR2DS4 and the H47 found in KIR2DS5 to D47 observed in the expressed KIR2DL2/ 2DL3. A further mutant introducing L47 was also created because this mutation of KIR2DL2/2DL3 also reduced surface expression (VandenBussche et al. 2006) . Alteration of residue 47 in KIR2DS4 had no significant impact on the level of surface expression as analyzed by flow cytometry (data not shown). In contrast, using an HA-specific Ab, the D47 mutation significantly increased KIR2DS5 surface expression in both NKL (Fig. 2) and Jurkat (data not shown) while substitution of L47 further reduced KIR expression in NKL. This suggests that the histidine at residue 47 in KIR2DS5, while not abrogating expression, does reduce surface expression compared to the aspartic acid found in other D1 domain KIRs.
KIR2DS5 allelic products vary in surface expression When the amino sequences of KIR2DS5 allelic products are compared to one another, KIR2DS5 (*001) is the most divergent sequence at this locus (Robinson et al. 2005) . In order to evaluate the impact of this allelic diversity, NKL and Jurkat cells were transfected with an expression vector encoding KIR2DS5 (*001) for comparison with the surface-expressed KIR2DS5 (*002). Cells expressing the KIR2DS5*001 construct were stained intracellularly for V5 yet demonstrated no detectable HA surface staining on either cell line by flow cytometry (Fig. 3a) . Extracellular expression was comparable to a negative control cell expressing a KIR2DS gene without an HA tag. This suggested that the KIR2DS5*001 encoded protein was synthesized but not localized to the cell surface.
Biotinylation and glycosylation patterns suggest the cellular location of KIR2DS5 Previously we found that the amount of surface-expressed KIR2DL2/2DL3 could be correlated with the proportion of receptor that was terminally glycosylated (VandenBussche et al. 2006) . To examine if a similar phenomenon was present for KIR2DS5, NKL cells transiently expressing KIR2DS5 (encoded by alleles *001 or *002) or positive control KIR2DS1with C-terminal V5 tags were surface biotinylated and the cell lysates were immunoprecipitated with a V5-specific Ab. Protein electrophoresis followed by Western blotting with the V5-specific Ab demonstrated two specific bands for positive control KIR2DS1 at ∼65 kDa and ∼45 kDa (Fig. 3b) . Probing for biotin detected the higher molecular mass form of KIR2DS1, suggesting that only this isoform is present at the cell surface (Fig. 3c) . The receptor encoded by KIR2DS5*002 showed a banding pattern similar to KIR2DS1 with ∼67 kDa and ∼47 kDa isoforms; Fig. 3c shows that the higher molecular weight band was biotinylated for KIR2DS5 (*002). The same analysis of the receptor encoded by KIR2DS5*001 only detected the lower band at ∼47 kDa when blotted with V5-specific Ab. Probing for biotin did not detect this band indicating that the ∼47 kDa isoform was not significantly present on the cell surface.
To demonstrate that the specific bands found for the stimulatory KIR are differentially glycosylated isotypes of the same core protein, C-terminally V5-tagged KIR2DS5 or KIR2DS1 were expressed in NKL cells. Cell lysates were mock digested or digested with either PNGase F or endoglycosidase H (Fig. 3d) . PNGase F cleaves N-glycans entirely from asparagine residues, leaving only the core protein. Endoglycosidase H only cleaves N-glycans that have not been fully glycosylated in the Golgi apparatus. Therefore, mature receptor proteins that have undergone post-translational modification in the Golgi apparatus are resistant to endoglycosidase H digestion while immature proteins that have not reached the Golgi remain susceptible to the same digestion; both forms of the receptor are susceptible to digestion by PNGase F. Cellular lysates were digested with PNGase F or endoglycosidase H. Both the higher and lower molecular mass isoforms of positive control KIR2DS1 could be digested with PNGase F to a core protein of ∼39 kDa (Fig. 3d) . However, only the lower molecular mass isoform was susceptible to endoglycosidase H digestion, suggesting that this was an immature form of KIR2DS1 found in the endoplasmic reticulum. The higher molecular mass isoform was resistant to digestion with endoglycosidase H and likely Fig. 3 Flow cytometry and gel electrophoresis of stimulatory KIR show differences in cell surface expression and in the presence of receptor isoforms. a Representative flow cytometric analysis of transient transfectants expressing N-terminally HA-tagged, C-terminally V5-tagged KIR constructs. The tags facilitated the measurement of surface expression (HA) and total KIR protein (V5). The histogram shows the fluorescence intensity (HA) for receptors encoded by KIR2DS5*001 and KIR2DS5*002 in NKL (left) and in Jurkat (right) compared to a similarly tagged KIR2DS1 positive control after gating on the V5-positive populations. The negative control expressed a KIR2DS molecule without an HA tag. b Isolation of C-terminally V5-tagged KIR by immunoprecipitation from transfected NKL cells was followed by gel electrophoresis and Western blotting with a V5-specific Ab. Cells transfected with empty vector served as a negative control. Two isoforms were detected for KIR2DS1, KIR2DS4, and KIR2DS5 (*002). A single isoform with mobility similar to the lower molecular weight band exhibited by the other transfectants was detected for cells transfected with KIR2DS5*001. c Transfected cells were lysed after surface biotinylation. Proteins were isolated by immunoprecipitation and characterized by gel electrophoresis and Western blotting. A probe specific for biotinylated protein detected the higher molecular weight isoforms of KIR2DS1 and KIR2DS5 (*002) as indicated by the arrow. d NKL cells were transfected with KIR constructs carrying a V5-tag and the lysates were mock digested (U) or digested with PNGase F (P) or endoglycosidase H (E). Lysates were analyzed by Western blotting using the V5-specific Ab. Control indicates NKL cells transfected with an empty vector. Beta actin served as a loading control. PNGase F digested both isoforms of KIR2DS5 (*002) and KIR2DS1 to a core protein of one molecular mass. The lower molecular mass forms, but not the higher molecular mass forms, of KIR2DS5 (*002) and KIR2DS1 were susceptible to endoglycosidase H digestion. In contrast, the single isoform observed for KIR2DS5 (*001) was susceptible to both treatments b Fig. 2 Alteration of H47 in KIR2DS5 affects surface expression. A representative flow cytometric analysis of NKL cells transfected with constructs encoding N-terminally HAtagged, C-terminally V5-tagged KIR. The negative control was a cell transfected with a KIR construct without an HA tag. a In NKL, replacement of H47 in KIR2DS5 (*002) with L47 reduced surface expression while alteration to D47 significantly increased surface expression of KIR2DS5. b The same data shown as a histogram of the HA staining of the transfectants after gating on the V5-positive populations. By Student's t-test compared to wild type for a representative experiment performed in triplicate: ***p-value<0.001
represents the mature form of KIR2DS1 expressed on the cellular surface. Both isoforms of KIR2DS5 (*002) and the lower molecular weight isoform of KIR2DS5 (*001) were susceptible to PNGase. Only the lower molecular weight bands were susceptible to endoglycosidase H digestion. This suggests, like KIR2DS1, that the higher molecular weight isoform encoded by KIR2DS5*002 likely represents the mature form of this receptor while the lower band represents the immature, intracellular form. KIR2DS5*001 only encodes an immature form likely found in the endoplasmic reticulum because it is fully susceptible to endoglycosidase H digestion. Detection of only an immature isoform of KIR2DS5 (*001) is consistent with the lack of KIR2DS5 (*001) surface expression, since the immature receptor is not expressed on the surface. The molecular weight of all three core proteins following PNGase F digestion appeared to be the same based on gel mobility, consistent with molecular weights predicted by their amino acid sequence. This suggests that KIR2DS5 (*002) might be more heavily glycosylated compared to KIR2DS1 since its mature isoform migrated more slowly during gel electrophoresis.
Several polymorphic amino acids contribute to loss of expression of the KIR2DS5*001 receptor The polypeptide encoded by KIR2DS5*001 differs from that encoded by KIR2DS5*002 by four amino acids: one in the signal peptide (L/S (*001/*002) at residue -20) and three in the D2 extracellular domain (P/S at residue 111, S/F at residue 164, and A/T at residue 174; Table 1 ). To evaluate which of the four amino acids might contribute to expression differences, 14 mutant constructs altering from one to three amino acids which differ between the two allelic products were created and expressed in NKL cells. Western blots of whole lysates probed with V5-specific Ab were obtained from transfectants expressing wild type alleles of KIR2DS5 (*001 or *002) or each of the 14 mutants (Fig. 4a) . Two isoforms were detected for KIR2DS5 (*002) and positive control KIR2DS1 as expected; a single band of the lower molecular weight isoform was detected for KIR2DS5 (*001). Although the bands were faint for two of the mutants, the upper molecular weight isoform was observed in the three mutants which retained both S111 and F164 of the expressed KIR2DS5*002 allele (i.e., singly substituted mutants 5 and 8 and the double mutant 11, Table 1 ). All of the other mutants showed only the lower isoform. These data suggest that residues S111 and F164 in the D2 domain of KIR2DS5 together are critical for terminal glycosylation and surface expression. In the KIR2DS5*002-encoded protein, alteration of one or both of these residues resulted in only an immature isoform, likely retained within the cell.
To further confirm surface expression, flow cytometry was performed with NKL transfectants expressing KIR2DS5*001, KIR2DS5*002, or each of a subset of KIR2DS5 mutants (single substitutions of KIR2DS5*002 and the double mutant altering both residues −20 and 174 to that found in the protein encoded by KIR2DS5*001; Fig. 4b ). Expressed KIR were N-terminally HA-tagged and C-terminally V5-tagged. The results parallel those observed in the Western blot in that only mutants which retain both S111 and F164 (mutants 5, 8, 11) were detected at the cell surface. In addition to S111 and F164 being critical to surface expression, residue 174 also appeared to play some role in surface expression because mutants 8 and 11 encoding both S111 and F164 but carrying the *001 variation at residue 174 (A174) were approximately half of KIR2DS5 (*002) expression levels. Restoration of T174 in a mutant which also carries S111 and F164 with the KIR2DS5*001-encoded leader sequence returned expression to the KIR2DS5 (*002) level. This parallels the intensity of the upper band observed in the Western blot in Fig. 4a . Thus, T174 impacts the level on the surface but does not abrogate surface expression while the amino acid variation in the signal peptide did not appear to impact expression level. Taken together, these data suggest that S111 and F164 together are critical for surface expression; alteration of one or both residues to that found in the KIR2DS5*001 allelic product eliminated surface expression.
Molecular modeling predicts the impact of polymorphism In order to understand the impact of polymorphism at residues 111, 164, and 174 in altering KIR2DS5 expression, molecular modeling of KIR2DS5 and its allelic products was performed. When the structure of KIR2DS5 was predicted based on the KIR2DS2 crystal structure (Saulquin et al. 2003) , it was observed that residues 111 and 174 are 
a Dash indicates sequence is identical to the sequence of KIR2DS5*001.
on the external surface of the D2 domain while residue 164 is located within the domain ( Fig. 5a ; KIR2DS5 (*001)). The P/S polymorphism at residue 111 lies on a beta strand just C-terminal to the hinge loop region connecting the two domains. Inside the D2 domain, residue 164 lies on a beta strand and is surrounded by hydrophobic residues. Residue 174, which alters the level of KIR2DS5 on the cell surface, also lies on a beta strand and appears to interact with an adjacent strand. A network of hydrogen bonds either directly or indirectly involving water molecules links S111, S109, S129, and S127 (Fig. 5b) . The rigid hydrogen bond Fig. 4 Mutagenesis of four codons that differ between two KIR2DS5 alleles identifies residues altering cell surface expression. NKL cells were transfected with constructs encoding V5-tagged nonexpressed KIR2DS5 (*001 with L-20, P111, S164, A174), expressed KIR2DS5 (*002 with S-20, S111, F164, T174) and mutants of KIR2DS5 altering codons shown in Table 1 . The mutants are labeled with the four polymorphic amino acids present; residues found in the expressed KIR2DS5 (*002) are underlined. a Lysates from each transfectant were electrophoresed under denaturing conditions and proteins analyzed by Western blotting using a V5-specific Ab. Two isoforms were exhibited by KIR2DS5 (*002) and positive control KIR2DS1; only the lower molecular weight isoform was present in the lane containing lysate from KIR2DS5 (*001). Mutants 5, 8, and 11 which carry S111 and F164 of KIR2DS5 (*002) exhibited two isoforms with molecular weights identical to KIR2DS5 (*002) although the upper molecular weight bands were faint in mutants 8 and 11. The remaining mutants, like KIR2DS5 (*001), only exhibited the lower molecular weight isoform. Cells transfected with empty vector served as a negative control. b Representative flow cytometric analysis of transfectants expressing a subset of the mutant constructs. Mutants with both S111 and F164 (mutants 5, 8, 11) were expressed on the cell surface as is KIR2DS5 (*002). The levels of expression of KIR2DS5 (*002) and mutant 5 which shares T174 were similar while the surface expression of mutants 8 and 11 with A174 were lower than KIR2DS5 (*002). The levels of mutants 8 and 11 were not significantly different from one another. Mutants 6 and 7, lacking S111 or F164, were not expressed. A vector carrying a KIR insert without the external HA tag served as a negative control. By Student's ttest compared to wild type KIR2DS5 (*002) for a representative experiment performed in triplicate: *, 0.05-0.01; **, p-value 0.01-0.001 structure involving S111 in KIR2DS5 (*002) is stable and not disturbed by molecular dynamics (MD) simulations. In contrast, substitution of proline at 111 as in KIR2DS5 (*001) disrupts this network, disrupting local folding and overall conformation (Fig. 5c ). MD simulations of the F164 region in the surface-expressed KIR2DS5 (*002) demonstrated no significant change in the structure. Figure 5d shows the positioning of carbon atoms before (yellow) and after (green) simulations. F164 occupies a quarter of the pocket volume and makes hydrophobic contact with surrounding residues stabilizing the pocket. In contrast, MD simulations of the KIR2DS5 (*001) structure indicated a significant movement (>4.5 Å root mean squared deviation) of amino acids in the S164 region over 3 ns causing a compression of the pocket (Fig. 5e,f) . The area measured in the S164 region before MD simulations was 39 Å 3 ; it collapsed to 16 Å 3 after MD simulations. This compression of the pocket is due to the hydrophobic collapse associated with the substitution of serine for phenylalanine at residue 164. In contrast, at residue 174, variation in the amino acid (A (*001) vs. T (*002)) is not predicted to alter domain structure.
Discussion
Based on an observation from our previous study (VandenBussche et al. 2006) , we hypothesized that two of the 2D KIR stimulatory receptors, KIR2DS4 and KIR2DS5, which carry an alteration at a key amino acid required for KIR2DL2 folding (D47), would also be defective and fail to be expressed at the cell surface. Our initial flow cytometry analysis of NK and T cell lines transfected with KIR2DS4*001 or KIR2DS5*002 supplemented by gel electrophoresis of total KIR2DS protein to demonstrate mature isoforms suggested that these stimu- Fig. 5 Molecular modeling predicts that P111 and S164 cause extracellular domain instability. KIR2DS5 (*001 and *002) energyminimized structures were generated from the previously-solved KIR2DS2 crystal structure of extracellular domains (PDB:1M4K). a The D2 domain of KIR2DS5 (*001) showing the positions of the three polymorphic amino acids that differ between the receptors encoded by KIR2DS5*001 (shown) and KIR2DS5*002 (S111, F164, T174). Residues 111 and 174 lie on the surface; residue 164 lies in the hydrophobic interior of the domain. b Initial predicted KIR2DS5 (*002) structure in the region of S111 showing a hydrogen bond network with nearby serines. MD simulations did not alter this network (data not shown). c Predicted KIR2DS5 (*001) structure in the region of P111 before (yellow) and after (green) MD simulations. The substitution of proline for serine at 111 alters the hydrogen bond network destabilizing the structure. d Initial predicted KIR2DS5 (*002) structure before and after MD simulations. Yellow represents carbon atoms before MD simulations and green, after simulations. Red represents oxygen and blue, nitrogen. F164 interacts with hydrophobic residues in the interior of the domain and these interactions are not altered following MD simulations. e A closer view of the 2DS5*001-encoded S164 region before MD simulations. The van der Waals spheres are represented by a space filling model with magenta representing the pocket size in the S164 region. The size of the pocket before MD simulations was 39 Å 3 . f A closer view of 2DS5 (*001) S164 region after MD simulations. Magenta van der Waals spheres represent the volume of the pocket after MD simulations; its size was 16 Å latory receptors were expressed at the cell surface. Although the H47 did not abrogate extracellular expression of KIR2DS5, a mutation restoring D47 demonstrated that H47 did decrease the level of surface expression. In contrast, the N47 in KIR2DS4 compared to a mutant with D47 did not significantly alter the level on the cell surface. While our hypothesis was supported, the impact of H47 on the cell phenotype was less dramatic than expected. Our finding suggests, although KIR receptors exhibit ∼94% sequence homology (Parham 2003) , the effect of specific amino acid variations on the structure and expression of a receptor encoded by one locus may not be predictive of their impact on KIR receptors encoded by other loci.
This study also evaluated the impact of specific amino acid substitutions on cell surface expression of KIR2DS5. The amino acids studied differentiate the receptors encoded by KIR2DS5*002, chosen because of its predominance in individuals carrying the locus (Hou et al. 2008; Middleton et al. 2007b; Yawata et al. 2006) , and KIR2DS5*001, chosen because it was an outlier in the phylogenetic analysis of KIR2DS5 allelic products. Haplotypes carrying KIR2DS5 usually carry other well-characterized stimulatory genes like KIR2DS1 or KIR2DS2 (Middleton et al. 2007b ) so these may provide activating receptors for those individuals carrying this defective and possibly rare KIR2DS5 allele (Dohring et al. 1996; Vilches et al. 2000b) .
Four amino acid differences distinguish KIR2DS5*001 from KIR2DS5*002 encoded proteins. One variation lies in the signal peptide, where a L/S interchange is found at residue 2 of a 21 amino acid long sequence. Variations in the amino acid sequence of the signal peptide have been shown to alter the level of extracellular expression of a variety of genes including the cytokine TGF-beta1 (Dunning et al. 2003) and CTLA4 (Anjos et al. 2002) . Variation may affect translocation into the endoplasmic reticulum, signal peptide cleavage, or association with chaperones to impact folding or glycosylation. Site-directed mutagenesis was used to alter residue −20 in both KIR2DS5 allelic products; both mutants retained the expression properties of their wild type origins suggesting that signal peptide variation did not have any impact on expression. A similar amino acid substitution (A vs. S or T) at position 17 in the 20 amino acid long n-region of the signal peptide of CTLA4 impacts protein folding, glycosylation, and ultimately surface expression (Anjos et al. 2002) ; however, it is possible that the positioning of the KIR2DS5 polymorphism in the very short n-region of the signal peptide (four amino acids long, predicted using SignalP 3.0 at www.cbs.dtu.dk/services/ SignalP/) is responsible for its lack of phenotype.
Alteration of either residue 111 or residue 164 in KIR2DS5 (*002) to the amino acid found in KIR2DS5 (*001) resulted in loss of cell surface expression as measured by flow cytometry and by the appearance of only the immature isoform upon gel electrophoresis of proteins encoded by mutated constructs. Reverse mutation of either residue in KIR2DS5 (*001) to the amino acid found in KIR2DS5 (*002) did not restore surface expression; mutation of both restored expression although not to wild type levels. Based on the crystal structure of KIR2DS2, residue 111 is located on the solvent accessible exterior. Using MD simulations, substitution of proline in the nonexpressed allelic product disrupts a hydrogen bond network that stabilizes the D2 domain structure in the expressed variant with S111. P111 appears to disrupt local folding and conformation resulting in intracellular sequestration. Another critical residue for cell surface expression, the amino acid at 164 is buried among hydrophobic core residues in the D2 domain. Alteration from F164 in the expressed version of KIR2DS5 to S164 leads to a hydrophobic collapse in the residue 164 region destabilizing the domain structure and resulting in only an immature intracellular isoform.
D2 domain residue 174 appeared to modulate the level of KIR2DS5 surface expression in the presence of S111 and F164. T174 was necessary to maintain wild type KIR2DS5 (*002) expression levels. In the crystal structure, residue 174 is on the exterior of the D2 domain in the angle formed between the D1 and D2 domains with no apparent consequences on KIR structure. However, it is possible that this position may impact intermolecular contacts of the KIR monomer with intracellular proteins such as endoplasmic reticulum or Golgi resident chaperones altering the rate of folding, glycosylation, and/or transport of the mature protein to the cell surface.
The response of a natural killer cell to a target is determined by the net sum of inhibitory and stimulatory signals received through KIR and other cell surface receptors. The majority of studies have focused on signals regulated by the presence or absence of specific KIR inhibitory receptors coupled with expression of their HLA ligands. In these cases, KIR haplotypic diversity coupled with allelic polymorphism of HLA, may determine susceptibility or resistance to disease (Bashirova et al. 2006) . For example, an earlier study of the role of inhibitory receptors KIR2DL2 and KIR2DL3 in the resolution of hepatitis C infections suggested a correlation of the lower affinity KIR2DL3 receptor and its HLA-C1 ligand with viral clearance (Khakoo et al. 2004 ). In the case of autoimmune diseases like psoriatic arthritis, the lower inhibitory threshold in individuals missing ligands for inhibitory receptors KIR2DL1 and KIR2DL2/2DL3 appeared to result in a greater disease susceptibility (Martin et al. 2002) . The activation threshold is also modulated by allelic diversity at an inhibitory KIR locus. For inhibitory receptor KIR3DL1, polymorphism controls the amount of the receptor on the cell surface as well as its ligand-binding affinity (Yawata et al. 2006) .
Tipping the balance from inhibition to activation from the standpoint of the stimulatory KIR is less well studied, in part because the ligands are less well defined. Here, too, the presence or absence of specific loci in a diverse array of KIR haplotypes determines the occurrence of an activation signal for a particular stimulus. For example, in HIV-1 infection, KIR3DS1-expressing NK cells control viral replication, possibly by recognizing an HLA ligand bound to a viral or stress peptide (Alter et al. 2007 ). How allelic diversity at the stimulatory KIR loci impacts the strength of the stimulatory signal is not yet clear. Most stimulatory loci encode a single frequent allele (Hou et al. 2008; Yawata et al. 2006 ) so the impact of diversity may be limited to a small population of individuals. Allelic variation altering stimulatory KIR from cell membrane bound to secreted has been described for KIR2DS4 (Middleton et al. 2007a ) but a role for secreted receptors has not yet been found. The KIR2DS5 variation described here is the first at a stimulatory locus to impact protein maturation and the level of surface expression. An understanding of the constraints of amino acid sequence variation on the folding, post-translational modification, and transport of stimulatory KIR to the NK cell surface should help elucidate the impact of the KIR polymorphism on function.
